Twenty-four cases of type II citrullinemia, diagnosed as such based on enzymatic analysis showing a decreased enzyme content of kinetically-normal argininosuccinate synthetase in the liver, showed the following features of their serum amino acid patterns : 1) Serum arginine levels were higher than in controls and were significantly correlated with serum citrulline levels. 2) Serum alanine, serine, glycine, and branchedchain amino acids (valine + isoleucine + leucine) were significantly lower than in the controls, while threonine was rather higher and aromatic amino acids (tyrosine + phenylalanine) remained at the control level. Thus the ratio of threonine to serine and of branched-chain amino acids to aromatic amino acids were characteristically higher and lower than the control values, respectively.
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Summary
Twenty-four cases of type II citrullinemia, diagnosed as such based on enzymatic analysis showing a decreased enzyme content of kinetically-normal argininosuccinate synthetase in the liver, showed the following features of their serum amino acid patterns : 1) Serum arginine levels were higher than in controls and were significantly correlated with serum citrulline levels. 2) Serum alanine, serine, glycine, and branchedchain amino acids (valine + isoleucine + leucine) were significantly lower than in the controls, while threonine was rather higher and aromatic amino acids (tyrosine + phenylalanine) remained at the control level. Thus the ratio of threonine to serine and of branched-chain amino acids to aromatic amino acids were characteristically higher and lower than the control values, respectively.
The above characteristics were quite unique to type II citrullinemia and not found in serum amino acid patterns of type I and III citrullinemic patients. Examination of effect of oral administration of citrulline *To whom correspondence should be addressed .
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on the amino acid pattern was also showed that the decrease of serum citrulline after the administration was delayed in type II citrullinemic patients; which was, however, not specific to type II citrullinemia, but was also found in patients with liver cirrhosis and chronic nephritis, and more prominently in one type III citrullinemic patient. After citrulline administration, serum arginine was increased in type II citrullinemic patients as much as in the healthy controls, but was decreased in the type III patient. The increase in serum ornithine after citrulline administration in the type II patients and in the parents of the type III patient (considered to be heterozygotes) was about half of the control value, but that in patients with liver cirrhosis was greater than the control. The ratios of threonine to serine and branched-chain amino acids to aromatic amino acids were not altered by the citrulline administration.
Key Words: citrullinemia, argininosuccinate synthetase, serum amino acids, citrulline, arginine Citrullinemia, first described by McMurray et al. [1] , is a rare hereditary disorder caused by deficient activity of argininosuccinate synthetase (ASS). In Japan, however, many cases of citrullinemia distinct from the classical neonatalonset type described by McMurray et al. have been found, and they have some unique characteristics concerning the clinical picture, enzyme abnormalities, and so on [2] [3] [4] ; for example, the disease has been found in adults suffering from disturbances of consciousness. From the enzymatic analyses of about 50 cases of the latter and classical citrullinemic patients, Saheki et al. [5] classified them into three types : in type I citrullinemic patients or the qualitative type according to our earlier classification and in type III, which are seen mostly in neonates or infants and seem to belong to the classical citrullinemia category, a kinetically abnormal ASS and almost no ASS protein, respectively, were found in the liver, kidney, and cultured skin fibroblasts. ®n the contrary, in type II citrullinemia or the quantitative type, to which most of the adult citrullinemic patients belong, the enzyme abnormality involving a decreased enzyme content was seen in the liver, but not in the kidney and cultured skin fibroblasts. Furthermore, we found a normal amount of mRNA coding for ASS in the liver of type II citrullinemic patients, as judged from analysis with a cell-free translation system and dot hybridization with cDNA for ASS [6, 7] , suggesting that the decrease of ASS in the liver may be caused by an increased degradation or a decreased translation of the enzyme.
As for an abnormality in amino acids except citrulline in citrullinemic patients, there have been a few papers which reported arginine deficiency and homocitrulline and homoarginine excretion [8, 9] . Some arginine levels in most of adult SERUM   AMINO  ACIDS IN CITRULLINEMIA   131 citrullinemic patients in Japan, however, have been described to be rather higher than those of the controls. We found that this discrepancy in serum arginine is related to the type of enzyme abnormality in citrullinemia and reported it in a preliminary paper [10] .
In this paper, we describe features of the serum amino acid pattern of citrullinemic patients (especially of type II ones) found during the analysis of about 40 cases of the patients, and the effect of oral administration of citrulline on them.
MATERIALS AND METHODS
Patients. The citrullinemic patients diagnosed as either of the three types by the enzymatic analyses of urea cycle enzymes in the liver are described in this paper. Data on serum amino acids shown in Figs. 1 and 2 were obtained from published papers [11] [12] [13] [14] [15] [16] [17] [18] or personally communicated. Data about the patients' sex, age, and hepatic ASS activity are given in Table 1 . Clinical data of adult citrullinemic patients (AP) X13, 17, 25, 30, 31, 33, 35, and 37, and of an infantile patient (IP) #7, who were subjected to oral administration test of citrulline, have been published [16] or will be published elsewhere. The activities of the other enzymes of the urea cycle in the livers of AP #17 and 30, and of IP #7, were published by Kobayashi et al. [7] . As the control, serum amino acid levels were determined for 8 healthy subjects (2 females and 6 males, ranging in ages from 20 to 50 years). And for comparison, the levels in patients with chronic hepatitis (n=5), liver cirrhosis (16), or chronic nephritis (10) were also examined.
The diagnoses were made from laboratory findings. Oral administration of citrulline. Citrulline (Nakarai Chemicals, Ltd., Kyoto, Japan), 100 mg/kg body weight, was administered in 100 to 200 ml of water to healthy controls (n=8), citrullinemic patients (n=7), and to patients with liver cirrhosis (n=5) or chronic nephritis (n=1) at 9-10 a.m. after overnight fasting. Serum samples were prepared before the administration and afterwards at hourly intervals over a 4 h period. We observed no harmful effects during the oral administration of citrulline except that a slight increase in serum bilirubin was seen in patients with liver cirrhosis.
Amino acid analysis. After the deproteinization of serum and urine with sulfosalicylic acid (final concentration, 2.5%), amino acid analysis was performed with a Hitachi 835 Amino Acid Analyzer (Hitachi, Japan).
RESULTS

Serum amino acid pattern of type II citrullinemic patients
Citrulline. Adult citrullinemic patients were found by laboratory examinations to have hyperammonemia and high serum citrulline without significant liver damage and portacaval shunts among patients suffering from a sudden dis- Table 1 . List of citrullinemic patients whose serum amino acid patterns are described in the present paper.
Patients were classified and are expressed as adult patients (AP) or infantile or neonatal patients (IP). Age is expressed in years except in the case of IP's when it is given in days (d) or months (m)) m and f denote male and female, respectively. Hepatic ASS activity is expressed as % of the adult control mean value (0.84 U/g liver) or of the neonate (below 3 months old) control mean value (0.21 U/g liver). Type of enzyme abnormality was determined by the kinetic properties of ASS and the content of ASS protein measured immunologically [2, 51. citrullinemic patients whose enzymatic analysis was performed in Department of Biochemistry (Kagoshima University). The data with which these patients were suspected of citrullinemia are shown in Fig. 1 . Serum citrulline levels in type II citrullinemic patients (24 cases) usually ranged from 150 to 1,000 nmol/ml (control, 20 to 40 nmol/ml), being somewhat lower than those of neonatal citrullinemic patients (1,000 to 4,000 nmol/m1). The levels, however, tended to change considerably during the clinical course (see also Fig. 4) . A high level of serum citrulline was observed in an adult patient who was shown to have a kinetically abnormal ASS in the liver and in cultured skin fibroblasts (type I citrullinemia) .
As far as we have tested, none of hepatic diseases, including acute hepatitis, chronic hepatitis, liver cirrhosis, and primary hepatoma, showed citrulline levels higher than 100 nmol/ml. However, slightly higher levels (115 nmol/ml) were observed in patients with chronic nephritis. Aside from citrullinemia, considerably high levels of citrulline were observed in patients with argininosuccinic aciduria (data not shown). Table 1 .
Arginine. Type II citrullinemic patients showed high levels of arginine ( Fig.  1 ), which were significantly correlated with serum citrulline levels (r=0.81), as shown in Fig. 2 . On the contrary, arginine levels in type I and III citrullinemic patients (mostly neonates or infants) were lower than those of controls, as described in the literature [8, 9] .
Other amino acids. Some of the other serum amino acids, alanine, glycine, serine and branched-chain amino acids (BCAA), of type II citrullinemic patients showed significant decreases as compared with the controls (Fig. 1) . The most prominent was the decrease of serum alanine. The level was about 40% of the control (185±87 nmol/ml vs. the control value of 416 + 87 nmol/ml, expressed as mean ± SD). The decrease of alanine was significantly correlated with that of serine (r=0.68) and with sum of BCAA (r=0.67). Among the decreases, two ratios are notable: threonine/serine and BCAA/tyrosine + phenylalanine. The Table 2 . Levels of serum branched-chain amino acids (BCAA) and aromatic amino acids (AAA), and their ratio (BCAA/AAA) in healthy controls, type II citrullinemic patients, and patients with liver diseases and chronic nephritis.
Sum of valine, leucine, and isoleucine was expressed as BCAA; and sum of tyrosine and phenylalanine, as AAA. Values are means + SD for the number of observations (given in parentheses). ratio of two hydroxy-amino acids, threonine to serine (Thr/Ser), was significantly higher in type II citrullinemics (2.68 ± 1.28) than in controls (Fig. 3) . The Thr/Ser ratio in healthy controls was about unity (1.17 ± 0.13), and those in patients with chronic hepatitis (0.82±0.10), liver cirrhosis (0.81 ±0.20), or chronic nephritis (0.95 ± 0.24) were rather slightly lower. The higher Thr/Ser ratio seems to result mainly from lower serine levels (76.4±28.9 nmol/ml vs. 140±20 nmol/ml), but also partly from higher threonine levels (200± 129 nmol/ml vs. 163 + 30 nmol/ml) in the serum of type II citrullinemic patients. That in 2 adult cases of type I was lower than unity, but that in neonatal cases of type I and III was variable. The other is a lower ratio of BCAA (valine -+-leucine + isoleucine) to AAA (aromatic amino acid, tyrosine + phenylalanine), BCAA/AAA, in type II citrullinemic patients than in healthy controls ( Table 2 ). The lower BCAA/AAA ratio, which was comparable with that in patients with liver cirrhosis, resulted from the decreased level of BCAA, while that of AAA remained unchanged. This means that the low BCAA/AAA ratio in type II citrullinemic patients is caused by a mechanism distinct from that in liver damages.
Follow-up study of a case about serum amino acids The serum amino acid pattern of one case, an adult citrullinemic patient X25, was followed up for more than a year. Figure 4 illustrates changes in citrulline, arginine, and threonine as well as in glutamine + glutamate, BCAA, and AAA in the serum of the patient. Serum citrulline changed markedly during the period in close correlation with arginine (r=0.84) and threonine (r=0.81). A similar correlation was also observed between citrulline and Thr/Ser ratio (r=0.81). On the contrary, there was no correlation between citrulline and glutamine + glutamate, BCAA, AAA, or BCAA/AAA ratio.
Effects of oral administration of citrulline on serum amino acids
To clarify whether the changes in serum amino acids listed above were caused by the high serum citrulline levels or not, and to examine their specificity and possibility for use as markers to differentiate type II from types I and III, we administered citrulline orally to healthy controls and citrullinemic patients. The serum amino acid profile of type II citrullinemic patients just before citrulline administration showed the features listed above. Figure 5 shows time courses of changes in serum citrulline after citrulline administration. As compared with healthy controls (the range indicated by the shaded area), the decrease of serum citrulline in type II citrullinemic patients was delayed, which was quantified as half time of the decrease as shown in Table 3 . In an infantile case of type III citrullinemic (IP #7), in which there was no detectable ASS activity in the liver and possibly none in the kidney [5] , the half-time value was markedly larger than those in type II patients. The decrease in serum citrulline was also delayed in patients with liver cirrhosis or chronic nephritis.
After the oral administration of citrulline, serum arginine was increased in healthy controls and also in type II citrullinemic patients, while it was decreased in a type III citrullinemic patient. The maximum increment within 4 h was slightly lower in type II citrullinemic patients than in the controls (p <0.1). This may, however, be derived from the rather higher arginine levels at 0-time of the patients, for there was no difference in the maximum levels of serum arginine after the administration between the control (260 -I-46 nmol/ml) and the type II citrullinemic patients (273 + 47 nmol/ml). After the oral administration of citrulline, serum serine and BCAA of healthy controls and citrullinemic patients were decreased. But since serum threonine and AAA were decreased simultaneously and to the same extent, the ratios of Thr/Ser and BCAA/AAA were not altered (data not shown), suggesting that neither the increase in Thr/Ser ratio nor the decrease in BCAA/AAA ratio seen in the serum of type II citrullinemic patients is caused by the direct effect of high serum citrulline. The change in serum alanine after the administration was variable.
Another interesting observation found during the tests was the changes in serum ornithine (Table 3) ; the increment of serum ornithine was not seen in the Fig. 5 . Changes in serum citrulline of control and citrullinemic patients after oral administration of citrulline. Cttrulline, 100 mg/kg body weight, was administered orally between 9 and 10 a.m. after overnight fasting. Eight type 11 (0) and one type III () citrullinemic patients were examined. List of the patients is shown in Table 3 . Shaded area shows the control range.
type III citrullinemic patient and was considerably lower p <0.01) in type II citrullinemic patients (except for one case) than in the control. The parents of the type III infant, considered to be heterozygotes, showed increments of about a half of the control value.
DISCUSSION
The profiles of the serum amino acids listed in this paper are unique to type II citrullinemia, although precise comparison with those of neonatal-type, or type I, and III citrullinemia is difficult because of the difference in ages between the patients.
The very high levels of serum citrulline generally found in type I or III citrul- Table 3 . Changes in serum citrulline, arginine, and ornithine levels after oral administration of citrulline.
Numbers in parentheses indicate the range of the values. A indicates difference between the value at 0-time and the maximum or minimum value after the citrulline administration. Rate of decrease in citrulline is expressed as half-time of the decrease (t112) calculated on a semilogarithmic graph.
linemic patients are thought to result mainly from a highly deficient ASS activity in both the liver and the kidney of the patients. It is remarkable that the citrulline level in type II citrullinemic patients varies so much during the clinical course (see Fig. 4 ). This may be related to the general state of the patients, catabolic or not, which is also reflected in the levels of the other amino acids as will be mentioned later. Measurement of the rate of decrease in serum citrulline after the oral administration of citrulline has been used as a clinical test for citrullinemia [17, 19] . But there are no reports as to whether the delay of serum citrulline decrease is found specifically in citrullinemia or not. The changes in serum citrulline after the oral administration of citrulline represent overall processes of citrulline metabolism including the absorption from the intestine, the metabolism in the liver and kidney, and the excretion. The increment of citrulline in the serum 1 h after the administration was not so different among the control subjects and type II citrullinemic patients except for one case, suggesting similar amounts and rates of absorption.
But it is difficult to discuss separately the three processes. The delayed decrease of serum citrulline might represent some inhibition of the renal excretion. This may especially be true for the delay in patients with renal failure. In any event, it was shown that the delay of the decrease in serum citrulline after the oral citrulline administration was not specific to type II citrullinemia. We also showed that the level of serum arginine was markedly different depending on the type of citrullinemia; serum arginine was elevated coordinately with citrulline in type II citrullinemic patients, while it was lower in the type I or III patients than in the controls. This may be explained by a fairly well accepted theory that arginine biosynthesis from citrulline occurs in the kidney [20, 21] and by differences in ASS activity in the kidney of citrullinemic patients among the three types. Namely, arginine is synthesized from citrulline by the catalytic action of ASS and argininosuccinase in the kidney. In the case of type I and III citrullinemia, the serum citrulline accumulated cannot be converted to arginine because of a deficient ASS activity in the kidney, while it can be efficiently converted to arginine in type II citrullinemic patients since they have the normal level of kidney ASS activity. This hypothesis is first supported by the close correlation between serum citrulline and arginine levels in 24 type II citrullinemic patients (Fig. 2) and in patient X25 during the clinical course (Fig. 4) . Furthermore, it is confirmedd by the results of the oral administration test of citrulline which showed that serum arginine levels were increased in type II citrullinemic patients as much as in healthy controls, but not in the type III citrullinemic patient. Data similar to ours have been obtained for AP #14 by J. Itoh et al. (personal communication) .
The low level of serum alanine seems to be unique to type II citrullinemia; rather high levels were reported in patients with congenital hyperammonemia caused by deficiencies of carbamylphosphate synthetase and ornithine transcarbamylase, and even in neonatal citrullinemics [9] . Although we now have no clear explanation for decreases in serum alanine, serine, glycine and BCAA, and the slight increase in serum threonine in type II citrullinemic patients, the phenomena may be partly interpreted as follows : protein catabolism, followed by metabolism of amino acids, especially those which are actually degraded for energy production is stimulated. In turn, this produces much waste nitrogen which is converted into citrulline. Threonine, whose metabolism is considered to be less active, tends to accumulate.
This interpretation may be supported by the following data : the cumulative data of 24 type II citrullinemic patients showed that the decreases in serum amino acids listed above were significantly correlated with each other (r=0.68 for serine and alanine, 0.67 for alanine and BCAA, 0.60 for serine and gjycine); in the followup study of one type II patient, serum citrulline was correlated with threonine and arginine, as described in "Results," but reversely with alanine (r_ -0.63); alanine was correlated with BCAA (r=0.73).
Low levels of serum alanine and BCAA very similar to those of type II citrullinemic patients were found in subjects starved for a long period, such as so-called "boat people" (Gushiken and Saheki , unpublished data). They showed, however, a low level of threonine together with Thr/Ser rather lower than unity and a high level of phenylalanine, which were quite different from those of type II citrullinemic patients.
It is unlikely that serum citrulline levels directly influence the serum levels of serine, glycine, alanine, and BCAA, since the levels of these amino acids were not constantly decreased by the citrulline administration and were not low in type I and III citrullinemia even though the serum citrulline was usually very high.
The changes in serum ornithine after the citrulline administration may be meaningful. Since ornithine is formed from citrulline via the urea cycle in the liver or after its conversion to arginine in the kidney, the increment of ornithine after citrulline administration may be useful as an indicator of the in vivo activity of the urea cycle. This may be supported by the fact that the parents of the type III patient showed an ornithine increment of about a half of the control value. But we could not find any parallelism between the hepatic ASS activity and the increment of serum ornithine of type II citrullinemic patients; and the parents of the type I citrullinemic patient (IP #9) tested by G. Takada and co-workers showed an increment of serum ornithine comparable with the control value (personal communication). It is evident that more work is necessary for clarification of the meaning of the changes in serum ornithine.
We have found that type II citrullinemia can be classified further into two subtypes by examining the intralobular hepatic distribution of ASS by immunohistochemical means [22] . One is the homogeneous type, in which most of the hepatocytes within a lobulus are stained homogeneously with antiserum to ASS as in the control liver; and the other, the heterogeneous type, in which positivelystained hepatocytes are disseminated among the poorly-stained cells or form clusters in the midst of the poorly-stained cells. The fatality of the citrullinemic patients who belong to the latter (heterogeneous) type is much higher than that of the homogeneous type [23] . We could find no difference between these subtypes in terms of serum amino acid profile.
In conclusion, features of serum amino acids in type II citrullinemic patients, such as arginine, Thr/Ser, and BCAA/AAA, and the characteristic changes in citrulline, arginine, and ornithine levels after the oral administration of citrulline to the patients are useful for diagnosis and may be valuable for the further understanding of the pathogenesis of type II citrullinemia.
